Abstract PURPOSE: To investigate whether an extracellular gadolinium-(Gd)-based contrast agent (CA) enters nonperfused myocardium during acute coronary occlusion, and whether nonperfused myocardium presents as hyperintense in delayed contrast-enhanced (DE) MR images in the absence of CA in that region. MATERIALS AND METHODS: The left anterior descending coronary artery (LAD) was occluded for 200 minutes in six pigs. The longitudinal relaxation rate (R 1 ) in blood, perfused myocardium, and nonperfused myocardium was repeatedly measured using a Look-Locker sequence before and during the first hour after administration of Gd-DTPA-BMA. RESULTS: While blood and perfused myocardium showed a major increase in R 1 after CA administration, nonperfused myocardium did not. R 1 in nonperfused myocardium was significantly lower than in blood and perfused myocardium during the first hour after CA administration. When the signal from perfused myocardium was nulled, demarcation of the hyperintense nonperfused myocardium was achieved in all of the study animals. CONCLUSION: Gd-DTPA-BMA does not enter ischemic myocardium within one hour after administration during acute coronary occlusion. The ischemic region with complete absence of CA still appears bright when the signal from perfused myocardium is nulled using inversion-recovery DE-MRI. This finding is important for understanding the basic pathophysiology of inversion-recovery viability imaging, as well as for imaging of acute coronary syndromes.
Introduction
Delayed contrast-enhanced (DE) MRI has become an established method to assess myocardial infarction in patients. 6, 12, 14, 18 This imaging technique relies on R 1 (1/T 1 ) differences between infarcted and viable perfused myocardia after administration of an extracellular gadolinium-(Gd)-based contrast agent (CA). The contrast between infarcted and viable myocardia is enhanced using an inversion recovery sequence. 1, 12, 18, 23, 25, 28 For this sequence the inversion time (TI) is set to null the signal from perfused myocardium, which then becomes black in the image while the infarcted myocardium becomes hyperintense (enhanced). It has been suggested that enhancement of infarcted myocardium may be due to higher concentrations of extracellular CA in this region, caused by delayed wash-in and wash-out kinetics 9, 15, 17, 20 as well as to different distribution volumes 1, 18, 24, 28 between infarcted and viable perfused myocardia. Furthermore, it has been shown that extracellular Gd-based MR CAs do not bind to the injured myocardium, and therefore binding does not contribute to the effect of late enhancement. 8 Several studies 5, 10, 13, 19, 21, 30 have indicated the importance of flow in delivering the CA into injured myocardium. However, DE-MRI studies have suggested that extracellular Gd-based CAs may diffuse into injured myocardium within one hour after administration. 9, 15, 17 Therefore, the aim of the present study was to investigate whether an extracellular Gd-based CA enters nonperfused myocardium, and whether the nonperfused myocardium presents as hyperintense in DE-MR images also in the absence of CA in that region. Toward that end, we chose to use an in vivo experimental model of coronary occlusion with no collateral flow.
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Materials and Methods
Study protocol
The protocol and procedures were approved by the local Ethics Committee for Animal Experiments, in accordance with the guidelines from National Institutes of Health. Six Swedish farm pigs of both sexes with a weight of 31±5 kg (26 to 40 kg) were used in the present study.
The pigs were sedated and anesthetized with intramuscular (i.m.) zolazepamtiletamine (6 mg/kg) and i.m. xylazine (2.2 mg/kg) followed by 20 mg of morphine administered through an ear vein. They were tracheotomized and ventilated using a ventilator (Siemens-Elema servo ventilator 900C; Siemens-Elema, Solna, Sweden). The pigs were also fitted with catheters in one of the carotid arteries and one of the femoral arteries, in both ear veins and in one jugular vein. Anesthesia was maintained by continuous infusion of ketamine (20 mg/kg/h) and morphine (0.48 mg/kg/h). Pancuronium bromide (6 mg) was given for muscle relaxation when necessary.
Myocardial ischemia was induced by permanent occlusion of the left anterior descending coronary artery (LAD) using a catheter with an inflatable balloon used for percutaneous coronary intervention (PCI). The animals underwent MRI 200 minutes after occlusion.
After MRI, persistent occlusion of the LAD was verified by repeating the xray angiography. The perfused myocardium was delineated by administration of 2 ml fluorescein in the jugular vein. The heart was allowed to beat for 30 seconds in order to guarantee uniform staining of perfused myocardium, and the animals were then euthanized by administration of potassium chloride. The heart was excised and cut at the same short-axis level used for imaging. The injured myocardium was visualized by immersion in 1 % triphenyltetrazolium chloride (TTC) at 37
• C until staining occurred, approximately 15 minutes.
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MRI
All imaging was performed with the animals in the supine position during free breathing without respiratory compensation on a 1.5 T Gyroscan Intera system (Philips Medical Systems, Best, the Netherlands) using a 20-cm circular receiveonly surface coil and triggering with a vectorcardiogram. R 1 measurements were performed in a short-axis midventricular view at the location of the nonperfused myocardium. Data was acquired using a single slice Look-Locker 7 sequence at baseline prior to administration of Gd-DTPA-BMA at a dose of 0.2 mmol/kg, and followed by 13 acquisitions during one hour. Each acquisition was collected over four minutes and 40 seconds. A nonselective inversion pulse was followed by 70 slice-selective excitation pulses starting at a TI of 14 ms with an increment of 42 ms between excitations, yielding 70 data points on the modulus inversion recovery curve.
The scan parameters were TE = 2.0 ms, flip angle = 6
• , field of view = 300 mm, voxel size = 1.2 × 2 × 10 mm, and acquisition matrix = 154 × 256 pixels. TI ranged from 14 ms to 2 912 ms. The time between inversion pulses was approximately three seconds. The distance from the apex to the short-axis slice was measured in a diastolic long-axis view for later slicing and staining of the myocardium.
MR image evaluation
Quantitative analysis of the data in the dynamic Look-Locker series was performed using dedicated software (DimView, by Atle Bjørnerud, Rikshospitalet University Hospital, Oslo, Norway). Parametric R 1 maps and corresponding Õ 2 error maps 4 ( Figure 1 ) were calculated from a nonlinear least-squares fit of the Look-Locker data to the equation
where | | denotes the modulus, and K are fitting constants and R 1 =1/T 1 is the model parameter to be determined.
3 R 1 was measured at each time-point in the left ventricular (LV) blood pool and in perfused and nonperfused myocardia. The size of the measured region of interest (ROI) was 188 ± 67 mm 2 , 38 ± 15 mm 2 , 27 ± 7 mm 2 , in blood, perfused myocardium, and nonperfused myocardium, respectively, without including visual artifacts or edges of myocardium. The Õ 2 error map was used to guide positioning of the ROI to avoid pixels that move between regions during the cardiac cycle. The standard deviation (SD) of R 1 was used as a control to avoid regions with high noise. The measured R 1 values were normalized to the baseline value (before CA administration) in each animal for comparison between regions and animals. For each time point after CA adminstration, R 1 was defined as the difference between R 1 at that time point (R 1,time ) and R 1 before CA administration (R 1,baseline ). The intensity of the nonperfused myocardium was visually evaluated in images where TI was chosen to null the signal from perfused myocardium, as performed using DE-MRI.
Statistical analysis
The data were considered to consist of simple random samples from a normally distributed population, and a t-distribution was assumed to calculate the 95 % confidence interval (CI). Statistical significance was determined when the 95 % CIs did not overlap. Values are expressed as the mean ± SD.
Results
After CA administration, a major increase in R 1 was found for blood and perfused myocardium, but not for nonperfused myocardium. The relationships between R 1 values were similar in all animals. An example is shown in Figure 2A .
During the first hour after CA administration, a continuous decline was found for R 1 in blood and perfused myocardium, whereas no significant change was found for nonperfused myocardium, indicating an absence of CA in nonperfused myocardium ( Figure 2B ). Moreover, R 1 in nonperfused myocardium remained significantly lower than in blood and perfused myocardium throughout the measurement period ( Figure 2B) .
Demarcation of the hyperintense nonperfused myocardium was acheived in all animals when the signal from perfused myocardium was nulled ( Figure 3B ).
X-ray angiography and fluorescein showed persistent occlusion after MRI (Figure 4) , and TTC showed changes indicative of myocardial infarction in all animals.
It was noted that before administration of CA, R 1 was higher in perfused myocardium than in nonperfused myocardiummyocardium, and was higher in nonperfused myocardium than in blood in all of the animals ( Figure 5 ).
Discussion
The results of the present study indicate that no significant amount of Gd-DTPA-BMA enters nonperfused myocardium in vivo within one hour after CA administration in a model of coronary artery occlusion with no collateral flow. Furthermore, in DE-MRI, nonperfused myocardium becomes hyperintense-not because of an increased distribution volume of CA, but because of the complete absence of CA in this region.
The R 1 measurements in perfused myocardium before CA administration (R 1 = 912 ± 55 ms -1 ) are consistent with previous studies in which R 1 was found to be 850 ms -1 and 930 ms -1 in pig, 4, 27 and 840 ms -1 in humans. 29 The trend toward increased R 1 in nonperfused myocardium 50-60 minutes after CA administration might increase even more if it was followed for a longer time. However, imaging of injured myocardium is usually performed optimally at FIGURE 2 Relaxation rates (R 1 ) in blood pool, perfused myocardium, and nonperfused myocardium at baseline and during the first hour after CA administration. a: Example from one animal. R 1 increased rapidly in blood and perfused myocardium, but not in nonperfused myocardium. Error bars indicate the SDs of the measurements. b: R 1 differed significantly between nonperfused myocardium and both blood and perfused myocardium during the first hour after CA administration. Error bars indicate 95 % CIs. R 1 =R 1,time −R 1,baseline . approximately 20-30 minutes after administration of CA 18 and in most instances within one hour. The small change in R 1 in the nonperfused myocardium directly after CA administration may be related to measurements close to the noise level of the image, or to contamination by pixels from the blood pool or viable myocardium with high R 1 , since the image is acquired during the full cardiac cycle. R 1 for nonperfused myocardium never reached the level of R 1 for perfused myocardium, and the two regions were quantitatively distinguishable for one hour after CA administration. It has been suggested that extracellular Gd-based CAs may diffuse into regions of low perfusion within one hour after administration. 9, 15, 17 Considering that diffusion is defined as a temperature-and concentration-dependent random three-dimensional walk by spontaneous movement, in accordance with thermodynamics, 22 the term diffusion may be misleading. Instead, it may be interstitial bulk flow driven by regional tissue pressure gradients that delivers the CA into nonperfused myocardium in vivo in the time span of less than one hour. It has also been shown that extracellular Gd-based CAs (ionic or nonionic) do not diffuse into ex vivo tissue homogenate of injured myocardium within one hour. 8 During the first hour after CA administration, we found no significant change in R 1 in the nonperfused myocardium in the in vivo, no-collateral flow model. This supports the notion that diffusion, even in the beating heart, is not sufficient to render "late enhancement" in nonperfused myocardium due to increased CA concentration within one hour after administration. The present results show that presence of flow (either vascular or interstitial bulk flow), as previously indicated, 5, 10, 13, 19, 21, 30 is needed for delivery of extracellular Gd-based CAs. Contraction of viable perfused myocardium hypothetically may lead to higher CA transportation speed into nonperfused myocardiummyocardium; however, since we found no significant change in R 1 for the nonperfused myocardium, it is unlikely that contraction increases transportation of CA into nonperfused myocardium. Figure 6 shows two principally different situations that can lead to higher signal intensity in injured myocardium after administration of an extracellular Gdbased CA. For clarity, fitted curves are presented as real data rather than measured magnitude data. Figure 6A shows a case in which the extracellular Gd-based CA had access to the injured myocardium. This region is enhanced due to a larger distribution volume of the CA, 1, 18, 24, 28 and therefore relatively higher relaxation rate, compared to blood and viable perfused myocardium. However, if no CA enters the injured myocardium, the T 1 relaxation curves have a different appearance ( Figure 6B ). In the absence of CA the nonperfused myocardium (infarcted or not) is still hyperintense when the signal from perfused myocardium is nulled using an inversion recovery sequence ( Figure 3B ), since it is the magnitude of M z and not the phase information that is used to present the viability image. Other factors, such as edema, may contribute to the intensity of nonperfused myocardium in magnitude images. In the current study, however, the relative changes in R 1 over time were measured and no changes were found, indicating that no CA enters nonperfused myocardium during the first hour after administration.
Phase information may be used for viability imaging, 16 and while it is not yet implemented as a standard for viability imaging, it may be offered as an option.
It is important to point out that the two situations described in Figure 6 also imply that intermediate levels of CA in injured myocardium may also occur. This region may thus be more or less indiscernible from blood or viable perfused myocardium. Factors that affect the presence of CA in a certain region include flow, distribution volume, and time after administration.
The presence of CA in injured myocardium is also an important factor for differentiating reversible from irreversible injury. This is because high signal intensity due to increased distribution volume requires loss of cellular integrity, 1 whereas high signal intensity due to the absence of CA in injured myocardium does not require loss of cellular integrity.
A possible limitation of this study is that the results may not be directly ap- 
FIGURE 6
Two principally different situations that can lead to higher signal intensity in injured myocardium after administration of an extracellular Gd-based CA. Curves are derived from measured R 1 values 21 minutes after CA administration (see Materials and Methods), but are presented as real data for clarity. R 1 for reperfused infarction was adapted from unpublished results. a: Longitudinal magnetization recovery curves for the case in which the CA has access to the injured myocardium. This region is enhanced due to a larger distribution volume for CA. 1, 18, 24, 28 b: Longitudinal magnetization recovery curves for the case in which the CA does not have access to the injured myocardium (as in the present study). Infarcted or not, in the absence of CA this region would still be hyperintense if the signal from perfused myocardium was nulled (c.f. Figure 3B ). The signal intensity bars A, B, and C indicate nulling of the signal from blood, perfused myocardium, and nonperfused myocardium, respectively, and correspond to Figure 3a -c. M z =magnetic moment in z-direction.
plicable to human studies, especially in the case of chronic ischemia, in which the collateral supply is increased, since the pig is known to have few if any collaterals. 2, 26 However, the results may be relevant for acute ischemia without preconditioning or with insufficient reperfusion. A further limitation may be that images were acquired during a full cardiac cycle, and thus through-plane motion may have introduced an inflow component to R 1 , which in combination with the low spatial resolution of the Look-Locker sequence may have influenced the measurements. However, we minimized that possibility by using a Õ 2 error map. Also, the clearance of CA over the four minutes and 40 seconds of the Look-Locker acquisition may have affected the absolute quantification of R 1 . These effects are likely small and systematic in nature, and therefore may have a limited impact on the relative changes in R 1 over time, as well as on our conclusions.
In conclusion, the present results show that Gd-DTPA-BMA does not enter ischemic myocardium within one hour after administration in acute coronary occlusion with no collateral flow. The ischemic region with complete absence of CA still appears bright when the signal from perfused myocardium is nulled using inversion recovery DE-MRI. This finding is important for understanding the basic pathophysiology of inversion recovery viability imaging, as well as for imaging of acute coronary syndroms.
